Carbohydrate-binding modules of the family 54 (CBM54) are characterized by spontaneous rupture of the peptide bond Asn266-Ser267 (numbering corresponds to that of laminarinase Lic16A of Ruminiclostridium thermocellum). As a result of processing, two parts are formed noncovalently connected to each other. Here, to gain insights into the functional significance of the internal cleavage, we made modifications of the family-conserved processing site in CBM54 of Lic16A. We demonstrate that the introduced mutations of residues G264 or S267 to alanine block the hydrolysis. Unprocessed, modified proteins bind insoluble polysaccharides pustulan, chitin, xylan, Avicel, phosphoric acid-swollen cellulose, and b-D-glucan of the yeast cell wall 2-20 times worse than the wild-type module. The data obtained are the first to demonstrate that processing is important for the functioning of CBM54s.
Bacterial glycoside hydrolases often contain, in addition to the catalytic domain, various auxiliary modules required for efficient degradation of complex polysaccharide substrates [1] [2] [3] . Carbohydrate binding modules (CBMs) are the most abundant of auxiliary modules; they provide for the association of glycoside hydrolases and carbohydrate substrates, their mutual orientation, and the delivery of the enzymes to the sites preferred for the hydrolysis [4, 5] . Currently, more than 80 CBM families are recognized based on amino acid sequence similarity [6] . The pattern of their interaction with carbohydrate substrates allows us to divide all CBMs into three main types: type A modules recognize flat surface of crystalline substrates; type B (endo-type) CBMs recognize an individual polysaccharide chain in a specific cleft; and, finally, type C (exo-type) modules interact with the reducing and nonreducing ends of polysaccharide chains [7] .
Our previous studies of laminarinase Lic16A from Ruminiclostridium thermocellum (formerly Clostridium termocellum) has exposed its CBM as the founder of the new family 54. This module, rtCBM54, turned out to have a wide substrate specificity; it can bind various insoluble polysaccharides based on glycosides, pentosides, and glucosaminosides but not soluble polysaccharides and oligosaccharides, which assign family 54 modules to the type A [8] . To date, family 54 includes more than 100 modules from Clostridia and Bacilli (http://www.cazy.org/CBM54.html). Only two CBM54-containing proteins have been studied experimentally aside from Lic16A: endo-1,3-b-glucanase LamA and chitinase ChiW isolated from Paenibacillus sp. [9, 10] . Members of the family 54 are components of proteins that include various catalytic and auxiliary modules. At the same time, all these proteins are secretory and share a common structural pattern: their N-terminal region Abbreviations CBM54, Carbohydrate-binding modules of the family 54; CBM, Carbohydrate-binding module; PASC, phosphoric acid-swollen cellulose.
contains a CBM54 directly downstream of one or several S-layer homology domains, which anchor the proteins to the S-layer of bacterial cell wall [11] . Recently, the 3D structure of the multimodular chitinase ChiW bearing a CBM54 has been determined. Structurally, the CBM54 of ChiW is a right-handed b-helix similar to that of polysaccharide lyases [12] . No clefts typical of type B CBMs or pockets typical of type C ones have been revealed. Four flat surfaces of the protein are available for binding, which confirms the assignment of CBM54 to type A.
The internal cleavage of the polypeptide chain is an intriguing feature of CBM54. Such a cleavage was demonstrated for rtCBM54 as a module in both native and recombinant Lic16A [13] as well as for an individual module expressed in Escherichia coli [14] . A similar cleavage was revealed in the full-length chitinase ChiW from Paenibacillus expressed in E. coli as demonstrated by the analysis of its 3D structure [12] . The cleavage of the polypeptide chain does not result in dissociation of two parts of CBM54 [12] [13] [14] . To date, the functional role as well as the mechanism of the processing remain unclear. However, the position of CBM54 downstream of the module, anchoring the enzyme to the bacterial cell wall, suggests that CBM54-containing multimodular proteins function through the shuttle mechanism [14] . After processing, the enzyme with the remaining C-terminal part of CBM54 is thought to dissociate from the cell surface under specific conditions and bind to a suitable insoluble substrate, thus contributing to the formation of the bacterial external digestive system.
Here, we have mutated the cleavage site of rtCBM54 and the yielded modules demonstrated no cleavage of their polypeptide chain. The analysis of their substrate-binding properties for the first time demonstrated that the processing of CBM54 has a significant impact on the module interaction with insoluble polysaccharides.
Materials and methods

Analysis of amino acid sequences
Multiple sequence alignments were constructed by Clustal W2 (http://www.clustal.org/clustal2) [15] . LOGO presentation of the consensus sequence was generated by WebLogo3 (http://weblogo.threeplusone.com) [16] .
Genetic constructs
The plasmid pQE32::Lic16A-CBMX [8] containing the gene of the full-length rtCBM54 (Ala215-Asn422; hereafter, numbering refers to the full-length Lic16A) with a 6xHis tag at the N terminus as well as pQE32::Lic16A-CBM54C [14] coding for the C-terminal portion of rtCBM54 (starting from Ser267) with a 6xHis tag at the N terminus (rtCBM54-C) were constructed previously.
The plasmid pRtCBM54-WT containing the full-length rtCBM54 gene was generated using PCR amplification of the DNA region encoding the module with a 6xHis tag (pQE32::Lic16A-CBMX) as template and CCACAACAT ATGCATCACCATCACCATCACGGATCCGCCGGAAA CGCTCTGATTAACACC and TTAGGCAAGCT TTTAA CGCCACTCTTCATTCGGATT as primers. The amplification product was cloned into pET-23a (Novagen, Madison, WI, USA), digested with FauNDI (SibEnzyme, Novosibirsk, Russia) and HindIII-HF (New England Biolabs, Ipswich, MA, USA). The structure of the plasmid obtained was confirmed by sequencing.
The rtCBM54 mutants with Gly264 substituted with Ala (G264A) and Ser267 substituted with Ala (S267A) were constructed in two steps by overlap extension PCR. At the first step, two overlapping fragments of rtCBM54 gene were amplified by PCR from pRtCBM54-WT using Tersus polymerase (Evrogen, Moscow, Russia). In the case of S267A, primer pairs Forw (GCGCTTCGTTAATACAGATGTAG) and Lic16A_rev (CTCCACCATTTACGAAAACCGTTCC) as well as Lic16A_S267A (CGGTTTTCGTAAATGGTGG AGGAAGCGACGCCATACA) and Rev (GCGCTTAA TGCGCCGCTAC) were used; in the case of G264A, Forw and Lic16A_rev as well as Lic16A_G264A (CGGTTTTCG TAAATGGTGGAGCAAGCGA) and Rev were used. At the second step, the fragments obtained were used as primers and template in overlap extension PCR followed by the amplification of the full-length sequence with primers Forw/ Rev. The resulting DNA products are digested with HindIII-HF and FauNDI and were cloned into pET-23a vector digested with the same enzymes. The structures of the plasmids obtained were confirmed by sequencing. The resulting plasmids were designated as pRtCBM54-S267A and pRtCBM54-G264A, respectively.
Recombinant proteins
Plasmids pRtCBM54-WT, pQE32::Lic16A-CBM54C, pRt CBM54-S267A, and pRtCBM54-G264A were introduced into E. coli BL21 (DE3) cells by electroporation [17] . The resulting producer strains were grown on LB medium containing 200 lgÁmL À1 ampicillin at 37°C with active aeration for 16 h. The overnight culture was diluted 100-fold with LB containing 100 lgÁmL À1 ampicillin and grown to OD 600 nm = 1, after which IPTG was added to a final concentration of 0.1 mM and growth continued for 3-5 h. The cell suspension (2 L) was centrifuged (2800 g, 30 min, 4°C), the cell pellet was washed with 0.15 M NaCl, frozen, and stored at À20°C. For protein purification, the samples were thawed, resuspended in 200 mL of 50 PBS (pH 8.0), and ultrasonicated. The cell lysate was centrifuged (20 000 g, 30 min, 4°C) and the supernatant was loaded onto the column containing nickel-nitriloacetic acid (Ni-NTA) agarose (Qiagen, Venlo, Netherlands). Elution was carried out using a 50-500 mM gradient of imidazole in the same buffer. The concentrations of proteins purified at this stage were: 2.0 9 10 À4 M (rtCBM54-WT), 2.1 9 10 À4 M (rtCBM54C), 2.0 9 10 À4 M (S267A) and 2.1 9 10 À4 M (G264A).
Size-exclusion chromatography
Purified using a metal chelate chromatography fractions of rtCBM54-WT, rtCBM54-C, G264A, and S267A are subjected to size-exclusion chromatography. Size-exclusion chromatography was performed using a Superdex 200 HR 10/30 column (GE Healthcare, Uppsala, Sweden) in 50 mM Tris-HCl containing 150 mM NaCl (pH 6.3). The sample volume was 100 lL. Prior to the loading, samples of purified proteins were centrifuged at 20 000 g and 4°C for 10 min. Blue dextran (2000 kDa), thyroglobulin (669 kDa), ferritin (440 kDa), aldolase (158 kDa), egg albumin (45 kDa), cytochrome c from horse heart (12.4 kDa), and cytidine 5 0 -diphosphate sodium salt (0.4 kDa) were used as molecular weight markers. The concentrations of monomeric fractions proteins were 1.9 9 10 À5 M (rtCBM54-WT), 2.0 9 10 À5 M (rtCBM54C), 1.9 9 10 À5 M (S267A) and 2.0 9 10 À5 M (G264A).
Ammonium sulfate precipitation
In some cases for the second step size-exclusion chromatography, the fractions of the monomeric proteins were precipitated with ammonium sulfate. An equal volume of saturated ammonium sulfate (5.8 M) was added to the chromatography fraction sample. The mixture was incubated on ice for 30 min and centrifuged (2800 g, 30 min, 4°C). The pellet was dissolved in the appropriate buffer and dialyzed against the same buffer overnight. G264A, which were calculated by the ExPASy web-based tool (http://web.expasy.org/protparam) [18] . The molecular weight of proteins and purity of samples were evaluated by denaturing PAGE (10%) after Laemmli [19] . It must be pointed out that CBMs 54 and CBM54C have anomalous mobility in PAGE. Their apparent molecular weight by the results of electrophoresis is approximately 5 kDa higher than the calculated values and values determined by gel permeation chromatography. Furthermore, the calculated values of the molecular masses are given everywhere.
Analysis of protein samples
Binding assays
The following polysaccharides were used in binding experiments: pustulan (Roth, London, UK); chitin, oat spelt xylan, Avicel (Sigma-Aldrich, St. Louis, MO, USA); bacterial crystalline cellulose isolated as described previously [20] ; phosphoric acid-swollen cellulose (PASC) prepared from Avicel as described elsewhere [21] ; insoluble b-D-glucan of Saccharomyces cerevisiae cell wall isolated as described in [22] . The polysaccharide/protein ratio used in the assays was selected, based on the rtCBM54-binding results obtained previously, so that the amount of the CBM in the sample does not exceed that of its binding sites on the substrate in the sample [14] .
To remove the soluble part of the substrate, an insoluble polysaccharide batch (0.5 mg) was incubated in binding buffer (50 mM Tris-HCl, 0.05% Tween-20, pH 7.0; in the experiments in the presence of calcium ions, the buffer was supplemented with 5 mM CaCl 2 ) at 65°C for 1 h, and centrifuged (12 000 g, 10 min). The pellet was resuspended in binding buffer at 4°C, then was supplemented with 4 nmol of protein and incubated at 4°C on a mixer (Eppendorf 5432 Mixer, Hamburg, Germany) for 2 h. The samples were centrifuged (12 000 g, 10 min, 4°C) and the concentration of the unbound protein in the supernatant was determined spectrophotometrically at 280 nm. The amount of bound protein was determined as the difference between the protein amount added to the sample and that of the unbound protein.
Results
Production and characterization of rtCBM54 mutants that cannot be processed
Previously we have shown that rtCBM54 is processed through the hydrolysis of the peptide bond Asn266-Ser267 (numbering corresponds to that of Lic16A) [14] . Comparison of amino acid sequences of CBM54 members known to date demonstrates that the processing site is highly conserved (Fig. 1) . The most conserved amino acids are Gly at positions 256 and 262-264 as well as Ser267 immediately downstream of the cleavage. To test the significance of the conserved amino acids for the processing, mutant rtCBM54s were generated with a substitution of Gly264 to Ala (G264A) or Ser267 to Ala (S267A). In addition, the recombinant wild-type module (rtCBM54-WT) and its C-terminal portion (rtCBM54-C) were produced as described previously [8, 14] . All proteins were expressed in E. coli and purified by metal chelate chromatography. The obtained rtCBM54-WT contained roughly a half of the protein in the processed form, which fully agrees with previously published data, while the G264A and S267A mutants were detected as the full-length module even after a longterm storage (Fig. 2) . Thus, the mutations introduced suppress the processing.
It should be noted that all obtained samples contained aggregates in addition to the monomeric protein (Fig. 3A) . According to gel chromatography, about a half of rtCBM54-WT was aggregated. At the same time, the electrophoretic analysis of chromatographic fractions with the monomeric protein demonstrated that nearly all protein was processed in them (Fig. 2 , lane GPC/rtCBM54-WT). The second step of the gel filtration chromatography of these fractions demonstrated that the monomeric form is stable: it does not aggregate after storage and precipitation by ammonium sulfate (Fig. 3B) . The proportion of the Day, and 7 Days + (NH 4 ) 2 SO 4 , the rechromatography was carried out immediately or after 1, 6, and 7 days of storage at 4°C, respectively. Prior to the rechromatography, the sample 7 Days + (NH 4 ) 2 SO 4 was precipitated by ammonium sulfate after storage. Masses for the peak and its left shoulder are 25 and 50 kDa.
monomeric fraction was about 20% of the total protein in the G264A and S267A samples.
The most pronounced aggregation was observed in the rtCBM54-C sample.
Binding to insoluble polysaccharides
Previously, we have shown that rtCBM54 binds to a wide range of insoluble polysaccharides but binds neither soluble polysaccharides nor oligosaccharides [8, 14] . Accordingly, here we analyzed the binding of mutant modules that are not processed, as well as the wild-type module as a control, to insoluble polysaccharide substrates. The experiments were carried out on the total protein samples after metal chelate chromatography as well as on the samples of rtCBM54-WT and G264A fractions after size-exclusion chromatography corresponding to the monomeric protein (Fig. 4) .
The data obtained demonstrate that both mutant proteins, G264A and S267A, have a much lower affinity to insoluble polysaccharides relative to rtCBM54-WT (Fig. 4) . The mutants very poorly bind most substrates -bacterial microcrystalline cellulose, PASC, pustulan, Avicel, and chitin. G264A and S267A show the highest affinity to b-D-glucan and xylan, respectively; but even in these cases, the amounts of bound protein is two to three times less compared to rtCBM54.
As demonstrated previously, rtCBM54 binding to chitin and Avicel increases in the presence of calcium ions [8, 14] . However, no effect of Ca 2+ on the binding to these polysaccharides was observed for the mutant modules. Calcium decreased G264A binding to b-D-glucan of the yeast cell wall. An opposite effect of calcium on the binding of both mutants to xylan was observed: it increased in G264A but decreased in S267A.
Noteworthily, the binding of the monomeric G264A and rtCBM54-WT to the bacterial crystalline cellulose and chitin did not noticeably differ from the binding of the total sample (Fig. 4A, B) .
Thus, point mutations in the highly conserved processing site of the rtCBM54 module suppress the cleavage of the protein and significantly decrease the module binding to insoluble polysaccharides. 
Discussion
Recently published 3D structure of the chitinase ChiW of Paenibacillus sp. has demonstrated that the processing of the carbohydrate-binding modules of the family 54 (rtCBM54), that we described previously for laminarinase Lic16A of R. thermocellum, is not unique but rather typical for the whole family. This is also confirmed by the high conservation of the amino acid sequence in the region of the cleavage site (Fig. 1) . Overall, this indicates that the processing is required for the functioning of the carbohydrate-binding modules of the family 54 (CBM54).
Indeed, the suppression of rtCBM54 processing significantly impaired its substrate-binding capacity, which points to the importance of the processing for the efficient interaction between the module and polysaccharide. Our previous data indicate that the C-terminal part of rtCBM54 lacking the region from the N terminus to the cleavage site (rtCBM54-C) has the substratebinding properties similar but not identical to those of the full-length module [14] . Thus, the interaction with substrates largely depends on the C-terminal part; however, the binding capacities enabled by the processing are apparently due to the structural rearrangements.
Two points relevant to rtCBM54 binding are worth considering. First, modules that are not processed containing Gly264 to Ala (G264A) or Ser267 to Ala (S267A) substitutions differ in their substrate-binding properties: they have the highest affinity toward b-Dglucan of yeast cell wall and xylan, respectively (Fig. 4) . (Notice that these polysaccharides are bound by the native module with a similar efficiency and are, together with chitin, the preferred substrates for rtCBM54-WT.) The observed binding peculiarities can indicate a difference in the 3D structure of the mutants. Second, the impact of calcium ions is different between the mutants as well as wild-type rtCBM54. Apparently, these differences are also due to a nonidentical spatial structure of these three variants. However, further speculations on the structural properties of the mutants are hardly justified in the absence of structural data on the interaction between CBM54, polysaccharides, and calcium ions. Still, the processing-induced changes in the spatial structure of rtCBM54 C-terminus likely involve the regions interacting with calcium ions.
Here, we demonstrate for the first time modifications of the conserved processing site of a CBM54 and the production of forms of the protein that cannot be processed. The analysis of their properties has demonstrated that the modules that are not processed have nearly lost the capacity to bind polysaccharides. This is the first demonstration that processing is critical for the functioning of carbohydrate-binding modules of family 54.
Previously, we have proposed the shuttle mechanism for Lic16A functioning [14] , where the laminarinase can detach from the bacterial cell wall owing to the cleavage in the polypeptide chain and bind to surrounding polysaccharides. The identification of more than 100 proteins containing CBM54 with a highly conserved processing site gives us grounds to believe that this cleavage is functional in other members of the family 54. It is not improbable that the interaction between CBM54s and substrates can cause the modular parts to dissociate so that the enzyme detaches from the bacterial cell surface and more efficiently utilizes the available complex natural carbohydrates.
